Abstract Parchment, a biologically based material obtained from the processed hides of animals such as cattle and sheep, has been used for millennia as a writing medium. Although numerous studies have concentrated on the structure and degradation of collagen within parchment, little attention has been paid to noncollagenous components, such as lipids. In this study, we present the results of biochemical and structural analyses of historical and newly manufactured parchment to examine the potential role that lipid plays in parchment stability. The lipid fraction extracted from the parchments displayed different fatty acid compositions between historical and reference materials. Gas chromatography, small-angle X-ray scattering, and solid-state NMR were used to identify and investigate the lipid fraction from parchment samples and to study its contribution to collagen structure and degradation. We hypothesize that the origin of this lipid fraction is either intrinsic, attributable to incomplete fat removal in the manufacturing process, or extrinsic, attributable to microbiological attack on the proteinaceous component of parchments. Furthermore, we consider that the possible formation of protein-lipid complexes in parchment over the course of oxidative degradation may be mediated by reactive oxygen species formed by lipid peroxidation. Parchment is a material of biological origin that has been used for centuries as a foundation for historical documents and works of art, including most of the written history of Europe. Consequently, the conservation of parchment has frequently been a foremost concern. Many early methods of intervention did more harm than good to the original documents, and the work of modern conservators is often made more difficult because they have to not only preserve the historical material but also undo earlier treatments or cope with the damage caused by overzealous washing, flattening, or other methods applied in the past (1).
Parchment is a material of biological origin that has been used for centuries as a foundation for historical documents and works of art, including most of the written history of Europe. Consequently, the conservation of parchment has frequently been a foremost concern. Many early methods of intervention did more harm than good to the original documents, and the work of modern conservators is often made more difficult because they have to not only preserve the historical material but also undo earlier treatments or cope with the damage caused by overzealous washing, flattening, or other methods applied in the past (1) .
Some recent work has focused on the protein structure of parchment and changes to the material on the molecular level over time. Parchment, primarily originating from the hides of cattle, sheep, and goats, is predominantly composed of type I collagen, along with some associated macromolecules such as proteoglycans (2) . The hierarchical structure of collagen in a feltwork, which provided mechanical strength to the skin of the animal when it was alive, is now responsible for maintaining the parchment as a viable storage medium. As the collagen degrades over time, the parchment loses strength, becomes brittle, and deteriorates to the point that it can no longer be used. The basis for the biodegradation of collagen within parchment is largely unresolved and is the focus of several current and past research programs, which intend to minimize the loss of cultural and historical artifacts resulting from the biodegradation of collagen in parchment (3) (4) (5) .
The presence of a lipid fraction in parchment has not been examined extensively, nor has the role that lipids may play in the degradation of parchment been studied. A recent study found little spectroscopic difference between the lipids present in skin samples from three different species and those in degraded samples of parchment (6) . These results indicated that the lipids present in parchment may have originated in the skin, survived the processing of converting skin to parchment, and were not subjected to alteration over time. However, excessive handling of documents, particularly at the corners and outer edges, over time could introduce a lipid fraction into parchment from users' skin, which may resemble the animal skin lipids in composition. The lipid fraction in parchment could also originate from microbial populations that can contribute to degradation in archaeological and historical textiles and leather samples (7, 8) , but these lipids would be less likely to resemble the lipid component of skin.
A lipid fraction present in parchment samples may interact with the collagen and other macromolecules present, possibly contributing to the overall degradation of parchment. There is some evidence for the formation of conjugates between collagen and sphingomyelin liposomes (9) . Other groups have identified some possible interactions between the polar head groups from phospholipid bilayers and collagen fibrils (10) . The present multidisciplinary investigation, incorporating gas chromatography, smallangle X-ray scattering, microfocus X-ray diffraction, fluorimetry, and solid-state NMR, broadens the characterization of the interactions between collagen and lipids with specific reference to historical parchment. This appears to be a fairly untapped line of investigation, and the characterization of lipid features in parchment could be of interest to a diverse range of fields of inquiry.
MATERIALS AND METHODS

Parchment samples
Twelve historical parchments and two modern parchments were used in this study. The 12 historical samples, USH01-USH12, were obtained from the National Archives of Scotland, Edinburgh, and vary in age and level of preservation. The new parchments, NP3 and NP7, are reference samples, produced according to traditional methods within the last 3 years, obtained from the School of Conservation of the Royal Danish Academy of the Fine Arts, Copenhagen. Table 1 provides details of the parchment ages and visual descriptions of all 14 samples as well as the weight and dimensions of each sample.
Lipid extraction
Samples of historical and reference parchments were cut into 1 mm strips, and the lipid fraction was extracted by immersion in 10 ml of a 2:1 chloroform-methanol mixture (C/M), as described elsewhere (11) . The extraction was performed for 1 h at room temperature, then at Ϫ 20 Њ C for the following 48 h to ensure a thorough penetration of the solvent mixture into the samples. The C/M-extracted fraction was then dried and weighed to obtain a measurement of raw yield. The weight and color description of the desiccated lipid residues obtained from the complete extraction are also provided in Table 1 .
The lipid extracts were diluted to 10 mg/ml in C/M (2:1, v/v), and 150 l (1.5 mg) was loaded onto TLC plates (20 cm ϫ 20 cm ϫ 0.25 mm, precoated with silica gel 60; Merck, Darmstadt, Germany) on 1.5 cm origins for polar lipid separation. After elution in isohexane-diethyl ether-acetic acid (80:20:2), the origins were scraped and transmethylated at 50 Њ C overnight in 1% sulfuric acid in methanol. All of the pigments remained in the polar lipid fraction at the origin, and very little or no neutral lipids were present. The yellow-brown color present in the polar lipid fraction disappeared after transmethylation, which suggests that lipid-protein conjugates may have been present in the original extract and were destroyed by the subsequent acid treatment.
Chromatography
Samples yielded low levels of fatty acid methyl esters (FAMEs; 0.1-0.3 mg), which is in accordance with the hypothesis that the majority of the original lipid extract is composed of protein-lipid conjugates. The FAMEs extracted from each sample were diluted in 0.1 ml ( ‫ف‬ 1 mg/ml) isohexane and analyzed in a Fisons GC8000 gas chromatograph (Crawley, UK) equipped with a fused-silica capillary column (30 m ϫ 0.32 mm ϫ 0.25 mm; CP Wax 52 CB; Chrompack) using hydrogen as a carrier gas. The temperature regime progressed from 50 to 150 Њ C at 40 Њ C/min, then to 225 Њ C at 2 Њ C/min. Individual FAMEs were identified by comparison with known standards and published data, or were identified as other non-fatty acid compounds reported by GC-MS (Polars GC-MS-MS, EI ϩ , full scan 60-650, 70 eV; GLC on a 30 m ϫ 0.25 mm ϫ 0.25 mm ZB-WAX column using helium as a carrier gas, splitless injection at 50 Њ C hold for 0.5 min, 40 Њ C/min to 150 Њ C, 1.5 Њ C/min to 195 Њ C, 0.5 Њ C/min to 205 Њ C, and 40 Њ C/min to 220 Њ C).
High-performance thin-layer chromatography (HPTLC) was undertaken to quantify the lipids present in the parchments by class. Separation of the lipid classes was obtained on 10 ϫ 10 cm silica gel 60 HPTLC plates (Merck, Darmstadt, Germany); all solvents used were of HPLC grade. The plates were washed with 20 ml of 1:1 isohexane-diethyl ether, and the ends were scraped of all impurities. Two microliters of each sample was then loaded onto 2 mm strips equally spaced out and run two-thirds of the way up with 20 ml of the first elution of methyl acetate-isopropanol-chloroform-methanol-0.25% KCl (25:25:25:10:9 by volume). The plates were then allowed to dry by desiccation and subjected to a second elution (20 ml) with hexane-diethyl ether-acetic acid (80:20:2 by volume). Compounds were identified by visual analysis as well as by ultraviolet and visible absorption spectra obtained with the use of a TLC Scanner 3 densitometer and the personal computer application winCATS (Camag, Muttenz, Switzerland).
X-ray diffraction
Small-angle X-ray scattering measurements on historical parchment samples and on C/M extracts from parchment were performed at the NanoSTAR (Bruker AXS) small-angle X-ray facility at Cardiff University. Parchment samples from before and after lipid extraction were mounted in the sample chamber with the primary plane of the parchment lying perpendicular to the direction of the X-ray beam. C/M extracts were placed between two sheets of mica and mounted into the sample chamber of the Nano-STAR. Measurements were taken at a sample-to-detector distance of 1.25 m, with an X-ray wavelength of 0.154 nm. The diffraction patterns were analyzed using the image-processing software FIT2D (A. Hammersley, European Synchrotron Radiation Facility, Grenoble, France) and in-house software, according to the procedure described previously (12) .
Microfocus X-ray diffraction of thin sections of parchment, according to earlier procedures (10), was carried out at beamline ID18F at the European Synchrotron Radiation Facility at a camerato-detector distance of 20 cm with an X-ray wavelength of 0.154 nm. Microfocus X-ray diffraction facilitated the calculation of the d spacing of the lipid at different areas within the parchment section.
The degradation of collagen in parchment was measured using previously published methods (10). The 0.85 nm Ϫ 1 equatorial reflection of dry collagen was used to assess the degree of gelatinization of the collagen in parchment. The relative intensities of the peaks at 0.85 nm Ϫ 1 and 2 nm Ϫ 1 are capable of indicating the relative amounts of collagen and gelatin in a parchment sample. The 2 nm Ϫ 1 peak is consistent in terms of intensity and width in collagen and gelatin samples, whereas the 0.85 nm Ϫ 1 peak displays increased intensity and reduced width if the amount of fibrillar collagen in a sample is high and the degree of gelatinization is low. The 0.85 nm Ϫ 1 and 2 nm Ϫ 1 reflections in the samples were quantified using the one-dimensional peak-fitting program XFIT (Collaborative Computational Project 13). The integrated intensities of the 0.85 nm Ϫ 1 reflections were then divided by the 2 nm Ϫ 1 reflections to produce a ratio of collagen to gelatin in the samples (C/G).
Fluorimetry
Fluorescence emission spectra of the C/M parchment lipid extracts, diluted in methanol at 60 g/ml (except USH06, USH07, USH08, USH09, and USH11, which were diluted at 1 g/ml), were recorded from 300 to 600 nm on a Perkin-Elmer LS50B fluorimeter-luminescence spectrometer as described previously (13) . An excitation at 345 nm with the slit window set at 10 nm, and an incremental wavelength increase of 75 nm/min, gave a maximum fluorescence emission at ‫ف‬ 416 nm, as reported in the literature (13) (see Fig. 5 below).
Solid-state NMR
High-resolution solid-state 13 C spectra using cross-polarization (CP) from protons, high-power 1 H decoupling, and magic angle sample spinning (MAS) were recorded from a subset of parchment samples (USH01, USH02, USH04, USH08, USH10, USH12, and NP7) that displayed the greatest variation in color and flexibility at 75.5 MHz on a Bruker MSL300 spectrometer (7.05T) using a standard Bruker double-resonance MAS probe. The samples were fitted into cylindrical zirconia rotors (7 mm external diameter) and spun at a MAS frequency of 5.5 kHz with stability ϾϮ 3 Hz. Typical acquisition conditions for 13 C CP-MAS experiments were as follows: 1 H 90 Њ pulse duration of 5 s, a contact time of 2 ms, recycle delay of 1 s, 27 ms acquisition time, and 15,000 transients. In addition, 13 C CP-MAS experiments combined with dipolar dephasing (14) were used to identify quaternary and methyl carbons. The dipolar dephasing delay used in these experiments was 40 s. All spectra were recorded at ambient probe temperature, and the 13 C chemical shifts are given relative to tetramethylsilane. Table 2 shows the FAME composition of the parchment extracts. Only the saturated and monounsaturated fatty ac- ids have been reported. These account for the majority of the material present on the GC traces in most cases (between 46% and 73%), and a variety of branched, hydroxy, and epoxy fatty acids, together with other compounds with no fatty acid structure, were also evident. The fatty acid profiles of the two reference parchment samples (NP3 and NP7) are very similar. In contrast, the historical samples with the highest content of lipid extracts by weight (USH02, USH03, USH04, USH10, and USH12) present a very different distribution of fatty acids compared with the reference parchments. In the first instance, a variety of commercially available standards and lipid extracts of known composition obtained in the laboratory from various sources were cochromatographed with individual parchment extracts on separate plates to identify the lipid classes. Then, because of the limited number of samples loadable on a HPTLC plate, priority was given to comparison between different parchment extracts on the plates shown, and standards were omitted at this stage. In addition to lipids, GC was able to elucidate additional materials present in the extracts. The GC peak partially coeluting with fatty acid 24:1 at 41 min retention time has been tentatively identified by mass spectrometry as podocarpa 6,8,11,13-tetraen-15-olic acid 13-propyl methylester. The relationship between the presence of this compound as a percentage of total FAME material and the percentage in weight of the gross lipid extract is presented in Fig. 1 . A negative correlation is evident between the two in the historical samples, whereas the new parchments (NP3 and NP7) showed little lipid content and no resin. Despite the problems of coelution of the compound with the FAME 24:1, we can assume that when the peak represents Ͼ 1% of total FAMEs, it is predominantly podocarpa 6,8,11,13-tetraen-15-olic acid 13-propyl methylester.
RESULTS
Chromatography
Abietic acid, a major component of the oleoresin synthesized by many conifers, was also found in trace amounts. It is an unsaturated alicyclic fatty acid obtained from heated rosin, the evaporated resin of pines and other conifers and a major component (13%) of Canada balsam, which is made from balsam fir ( Abies balsamea ).
The lipid composition of each sample was further quantified by HPTLC to determine the classes of lipids present and their relative amounts. A clear difference is evident between the newly manufactured parchments and the historical samples: in the new parchments, most of the lipid fraction remains uncharacterized by the techniques used here. This aspect of parchment lipid chemistry is worthy of further study but was outside the scope of the current investigation. This uncharacterized fraction is classified as unknown in the results shown in Table 3 . The historical samples contained more lipid overall, and the unknown fraction of lipids in these samples was much smaller. These samples contained a significant amount of polar and nonpolar lipids compared with the new parchments. Table 3 shows the quantification of the lipid classes from the polar and nonpolar phases obtained from the HPTLC experiments. The main contributors to lipid content in historical parchments were free fatty acids, phospholipids, and cholesterol. Cholesterol and the other neutral lipids (free fatty acids, wax esters, and triacylglycerols) contribute a greater amount of the known lipids (up to 74.4%) compared with that of the polar lipids.
X-ray diffraction
Parchment samples examined by small-angle X-ray scattering show the distinctive collagen meridional diffraction pattern present in collagen-rich materials in which fibrillar collagen is retained. As the X-ray beam passes throughout the entire thickness of the parchment samples, where the collagen fibers lay at random azimuthal orientations, the meridional series appears as rings at small angles of diffraction. A broad ring at a d spacing of ‫ف‬ 4.6 nm is also present in some lipid-rich samples ( Fig. 2 ) .
To determine whether the ‫ف‬ 4.6 nm diffraction peak is attributable to lipid present in the samples, X-ray diffraction was carried out on C/M extracts from parchment sample USH01. The diffraction profile of the extracts indicates that no fibrillar collagen is present in the extract, as the collagen meridional series is no longer present in the samples. The ‫ف‬ 4.6 nm peak observed in the parchment samples, which corresponds to the fundamental periodicity of partially hydrated phospholipid bilayers (15) , was observed also in the diffraction profile of the extracts. Furthermore, analysis of two 1 mm strips of sample USH01, one obtained after delipidation with C/M extraction, showed that the Microfocus X-ray diffraction analysis of parchment sections gives a spatially resolved analysis of the lipid presence in parchment. Within a single parchment section, the lipid d spacing varies between 4.4 and 4.8 nm ( Fig. 3 ). This could be an indication of the hydration state of the lipid (16), or it could indicate that different biochemical compositions of lipid exist in different areas through a parchment section (17) .
The correlation between the degradation of collagen and the level of lipids present is shown in Fig. 4 . From this figure, it appears that the sample set clusters into two main regions: samples with lipid contents of Ͻ 1.4% display higher C/G values (0.13-0.27), whereas samples with lipid contents of Ͼ 1.4% display lower C/G values (0.07-0.13). Thus, it appears that the most damaged samples have a higher proportion of lipids present.
Fluorimetry
Transmethylation of the polar lipid fraction produced a far lower yield of FAMEs than was expected and also caused an acid-catalyzed discoloration of the organic material recovered from the origin of the TLC plate. This effect may be explained by the presence of proteolipid aggregates in the samples; to investigate this possibility, fluorescence spectra of the total lipid extracts were measured ( Fig. 5 ) .
The peak recorded at 420-430 nm was in accordance with that reported in the literature for a variety of proteolipid complexes, particularly of the ceroid type (18) .
Solid-state NMR
The aliphatic portions of the NMR spectra, between 0 and 85 ppm, are shown in Fig. 6 . The spectra for the new reference parchment NP7 was very similar to that of USH01; therefore, it is not included in Fig. 6 . For some of the historical parchment samples studied, an additional sharp and intense peak at 33 ppm is observed. It is most evident in samples USH02, USH04, and USH12 (Fig. 6 ). Figure 7 shows the difference spectrum between the 13 C CP-MAS spectra of USH02 and USH01, providing a clear illustration of this peak. Close inspection of this difference spectrum reveals that the observed peaks and their relative intensities are consistent with those expected for the mixture of saturated and unsaturated fatty acids, which can exist either in the free or in the esterified form (e.g., glycerides of palmitic, oleic, stearic, and other acids). The strong peak at 33 ppm and its nearby satellites in the region of 10-40 ppm can be assigned to the -(CH 2 ) n -group of the -(CH 2 ) n -CH 3 fragment in fatty acids (e.g., palmitic or oleic acids). There are other peaks in the difference spectrum, which also agrees well with the presence of the fatty acid residues in the USH02 sample, as well as other parchments that display a peak at 33 ppm, relative to samples that do not show a clear peak in that region. The origin of the lipids that produce the peak at 33 ppm is unclear, although it has been found that untreated pig skin displays a similar peak (A. E. Aliev and M. Odlyha, unpublished results). Assignments of the peaks based on the lipid component are shown in Fig. 7 . Simple or mixed glycerols are assigned to lipids persisting from calf skin; this is confirmed by the observation of broad peaks near 70 ppm in the difference spectrum, which are assigned to the glycerol carbons [-OCH 2 
Based on close examination of the 13 C CP-MAS spectra, the lipid content as estimated relative to the collagen content in the historical samples displays a clear trend: samples USH02, USH04, USH10, and USH12 display higher proportions of lipid than samples USH01 and USH08. This trend is similar to that of the extracted levels of lipid from these samples. These results were obtained from the whole samples, because no preliminary sample treatment was required for the solid-state NMR measurements, which may account for any discrepancy between the two techniques.
DISCUSSION
Previous investigations have highlighted the potential presence of a lipid component in parchment, including a Fourier Transform-Raman spectroscopy study of animal skin (6). In the current study, the presence of lipid in parchment was initially determined by the identification of a characteristic lipid diffraction pattern (corresponding to a d spacing of ‫ف‬ 4.6 nm) present in the small-angle X-ray scattering patterns obtained from parchment samples. This spacing corresponds to the approximate distance between the polar head groups of lipid bilayers as determined in earlier work (19) . Upon extraction of the lipid fraction, this lipid ring disappeared from the parchment scattering pattern, but it became apparent in the X-ray profile of the extract. Microfocus X-ray diffraction of parchment sections determined at an enhanced spatial resolution that the lipid within parchment is not uniform in terms of the distance between polar head groups. Within each parchment section, the d spacing of the lipid is variable between 4.4 and 4.8 nm (Fig. 3) , which can be an indication of differing hydration levels or biochemical composition of the lipid within a sample. Furthermore, the lipid diffraction patterns obtained from the parchment samples indicated a high degree of spatial organization, which suggests that the collagen structure lends order to the lipid phase.
With the initial identification of a lipid diffraction pattern in parchment samples, biochemical analysis was un- 4 . Scatterplot of parchment samples determined by the proportion of lipid present (% weight) and the collagen-to-gelatin (C/G) ratio. The relationship between the level of lipid present and collagen damage is not linear; there appears to be a clustering of the results. Samples with low levels of lipid present (Ͻ1.4%) display the most intact collagen (USH01, USH06, USH07, USH08, USH09, and USH11; diamonds), whereas samples with higher proportions of lipid present (Ͼ1.4%) display damaged collagen (USH02, USH03, USH04, USH05, USH10, and USH12; circles). dertaken to verify these results and characterize the lipid fraction present. The lipid component was found to be a significant portion of many of the historical samples investigated. The primary lipid fraction obtained from C/M extraction was yellow-brown in color and constituted up to 11% by weight of the original sample. Degraded parchment samples yielded a higher lipid component (Fig. 4) ; reference samples of new parchments and well-preserved historical samples contained very little lipid extract in comparison.
There is substantial variance between the types of lipid extracted from new and historical parchments ( Table 3 ).
The lipids extracted from new parchment were largely unclassified, with Ͼ80% classed as unknown, which is a significant difference between the historical and new parchment samples. This may be attributable to changes in the method of parchment production, which has been modified over time (2) . Newly produced parchments are often treated with bleach, scalded with boiling water, and polished extensively in an effort to produce thinner, whiter parchments; such treatments would not have been used on the historical samples. This may lead to the lipids in recently manufactured parchments taking on different chemical characteristics, making analysis of the lipid types more difficult.
After extraction, samples were subjected to acid treatment to produce FAMEs that could be analyzed via GC-MS, to determine the lipid composition of the samples. It was observed at this stage that samples with high lipid yields produced comparatively little FAME. In addition, the yellowbrown color also disappeared with acid treatment. Together, these results may indicate the presence of protein-lipid conjugates that are destroyed by acid treatment. The protein-lipid complexes present in the raw extract may hinder further investigation by preventing esterification of the samples for the purposes of GC-MS analysis, resulting in low FAME yield even from samples with high amounts of raw lipid extract. They may also impede successful analysis of the proteinaceous component of the parchment. The extracted FAMEs were subsequently used to determine the compositional profile of the lipid extract, which was shown to consist primarily of polar moieties.
The presence of protein/lipid conjugates as measured by fluorescence spectra in certain samples, in particular USH01, USH02, USH03, USH04, USH05, and USH11, does not correlate with the amount of lipid extracted from the parchment samples: USH02, USH03, and USH04 have relatively high amounts of extractable lipid present, whereas USH01, USH05, and USH11 have very little extractable lipid available. Other researchers (20) used fluorescence to recognize various types of proteolipids; samples in this study display lipids of the ceroid type. NMR spectroscopy identified peaks that can be attributed to the presence of fatty acids in the parchments and indicated significant differences between historical and reference parchment samples, mainly in the formation of a new peak at 33 ppm. It remains to be determined whether this is a degradative change or is attributable to differences in the species of origin. It is not clear whether the historical parchments studied here could have come from different species. The origin of the peak at 33 ppm is the subject of further study in our laboratories, as this line of inquiry is intimately linked to the question of the origin of the lipid fraction in parchment.
A peak that coeluted with one of the FAMEs present has been tentatively identified as podocarpa 6, a diterpenoid resin derived from some types of pine trees, particularly from the subgenus Pineaceae. The origin of this resin in parchment is unclear, however. Similar resins have been used in the conservation of paintings for centuries (21) , and oxidized pine resins similar to podocarpa 6, such as dammar resin, have been used for centuries for their fun- gistatic and bacteriostatic properties, both inhibiting spore germination and mycelial growth (22) , but there is no evidence that they were ever applied to parchments. Other possible sources for this resin include the historical storage of parchment documents in pine boxes, allowing the resin to transfer to the parchment, or the use of wax seals on historical documents.
Lipids in parchment could potentially originate in the dermal layer of the animal and persevere through the parchment preparation process. Lipids from the epidermis are unlikely to be represented in parchments, as the stratum corneum is effectively removed from the skin during the manufacturing process. However, the samples with high amounts of lipid show a compositional change in the fatty acids present, such as higher levels of monounsaturated fatty acids ( Table 2 ). This result, coupled with the observed degradation of collagen in lipid-rich samples (Fig. 4) , indicates a potential microbial degradative process resulting in the loss of protein structure and the formation of protein-lipid aggregates. Similar conjugates have been observed in disaggregated skin tissue (23) . The negative correlation between the presence of traces of podocarpa 6 in the historical samples and the high levels of lipid extract is a matter of interest when considering this. The interactions between diterpenoids and lipids have been documented (24, 25) . One explanation for this correlation is that the parchments contain very little lipid when new and acquire them over time through microbial attack; early addition of the resin, either deliberately or from other means, would then act as a protective barrier preventing the microbes, and hence the lipids, from entering the parchment. Another explanation could be that the lipids primarily originate from the skin from which the parchment was created, surviving the preparation process. In this case, the addition of resin at a later date may remove the lipid from parchment, thus preventing possible collagen damage from lipid peroxidation. Further studies are required to determine which of these scenarios is most likely.
The role of lipids in the degradation of collagen within parchment is a matter that has not been investigated extensively. Physiologically, the action of lipid peroxidation has been investigated, as this leads to atherosclerosis (26) . Lipids are subject to peroxidation by sulfur dioxide and copper ions, which may act as a catalyst (27, 28) . It is possible that a mechanism exists whereby atmospheric light (29) or sulfur dioxide interacts with the lipid fraction of parchment, causing its peroxidation and subsequent generation of reactive oxygen species with the capacity to damage the collagen structure of parchment. This hypothesis is in agreement with the assessment that the parchment samples here that display greater levels of lipid show a reduced level of structural integrity as measured by X-ray diffraction.
Conclusions
In this study, we investigated the significant lipid fraction of historical parchments by gas chromatography, X-ray diffraction, fluorimetry, and solid state NMR. The lipid extracted from the samples displayed a great deal of difference between reference and historical samples. Gas chromatography characterized the FAMEs present in extracts, and GC-MS results displayed a diterpenoid resin known to derive from trees of the subgenus Pineaceae in historical samples with low lipid content. The presence of this resin is an interesting result: it may indicate possible antibacterial action by conservators, or provide information on the historical storage conditions of the samples. X-ray diffraction was used to assess the removal of the lipid fraction by C/M extracts and to examine the d period of the lipids in thin sections of parchment. It was shown that C/M extraction effectively removed the lipid fraction from parchment, and microfocus X-ray diffraction showed that the d spacing within a sample is variable from 4.4 to 4.8 nm, indicating differences in the hydration state or biochemical composition of the lipid present. Solid-state NMR spectra of high-yield lipid samples contain peaks that appear to be caused by the presence of fatty acids.
The origin of this lipid fraction is either intrinsic or extrinsic, or possibly a combination of the two. The role of lipids in the degradation of collagen within parchment is considered here. The presence of lipids acting as a free radical generator upon interaction with atmospheric sulfur dioxide is suggested as a possible means of the degradation of the collagen. The formation of protein-lipid complexes may be an indication of collagen degradation, as similar conjugates are found in the aging process. Our results suggest a relationship between collagen degradation and the increased lipid content of parchment. C.J.K. was supported by a grant from the National Archives for Scotland. T.J.W. and J.C.H. acknowledge funding from the European Union Fifth Framework project Improved Damage Assessment of Parchment. Part of this work was carried out as part of a long-term beamtime proposal at the European Synchrotron Radiation Facility awarded to T.J.W. The authors thank Dr. Rene Larsen (School of Conservation, Copenhagen) and Linda Ramsay (National Archives of Scotland, Edinburgh) for providing samples and for useful discussions.
